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Analysis of the structure of photosystem 
melnbranes 
I in cyanobacterial thylakoid 
Using clcclron microscopy ol’ ncgilivcly stained spccinrcns. we h;lvc invcstiyatcd the shape and degree of association of photosystem (PS) I 
complcx~s in cyunobactcrial thylakoid mcmbrancs. When incubated at high concentrations of magnesium chloride (>0.15 M), the PSI complcxcs 
I’orm small ordered arrays in the mcmbranc composed of monomeric complexes in a PI square lattice oT dimensions ~l=h= I I nm. Averaged 
projections or thccon~plcx rcscmblc those’ I’ound Iix the purified PSI rcaclion ccntrc alicr reconstitution (Ford, RC, Hehi. A. and Enpl. A. (1990) 
EMBO J. 9,3007-3075). Some small dilTerenccs in ils shupc are discussed, with particul;lr rcl’cicncc IO thcdiffercnccs in the polypcptidccomposition 
or the 2 prcpurations. We Rnd that the complex rcm;lins in he monomeric form in the thylakoid membrane under all the conditions tcrtcd. 
Electron microscopy: Mcmbranc protein: Photosystem I; Photosynthesis: S_~r?t~i~occ~cc~~s sp. 
1. INTRODUCTION 
Photosystem 1 (PSI) is a large membrane prolein 
complex composed of more than 4 protein subunits; 
about 120 chlorophyll (Chl) II molecules; at least IO 
carotenoid molecules and an electron transfer chain 
composed of Chl molecules, a phylloquinone and 3 iron 
sulphur centrcs [l]. It catalysts the later sleps in the 
photosynthetic electron transfer system found in plant 
chloroplasts and cyanobacteria, being responsible for 
the photo-oxidation of a water soluble electron carrier, 
plastocyanin (or cytochrome cssr). and the photo-rcduc- 
tion of ferredoxin. Reduced fcrredoxin can then be used 
in a variety of metabolic pathways including the fixation 
of carbon dioxide in the Calvin cycle. Previous structu- 
ral studies of PSI have tended LO concentrate on the 
detergent-solubilised reaction centre of PSI which, in its 
simplest form is composed of several protein subunits, 
the electron transfer chain, and about 70 Iight-harvc- 
sting Chl and carotenoid molecules [Z-S]. The reaction 
centre purified from cyanobacteria exists in various oli- 
gomeric forms, the major ones being the trimeric and 
monomeric forms. Crystals of the trimeric reaction cen- 
tre have been obtained and are currently the subject of 
X-ray crystallugraphic studies [9-l 13. Recently we also 
obtained two-dimensionally ordered arrays of mono- 
meric and trimeric reaction centres in reconstituted lipid 
Corresporrdcwcc nrldrcss: R.C. Ford. Dcpnrtmcnt of’ Biochemistry and 
Applied Molecular Biology. UMIST, PO Box 88, Manchester MGO 
IQD, UK. 
bilayers 1121 and showed their projections and surface 
relief reconsLructions with a resolution of about 2 nm. 
It is of importance to determine whether the PSI com- 
plexes in the cyanobacterial thylakoid membrane bear 
any resemblance to the highly purified and simpler reac- 
tion centres lhat we use for struclural studies using 
electron microscopy and X-ray crystallography. The 
obvious difficulty in achieving this goal is that the native 
thylakoid membranes contain several protein comple- 
xes, as well as an extensive membrane-associaled lighl- 
harvesting system conlaincd in phycobilisomcs. Thus, 
the identification of PSI complexes within this mixture 
seems, at first, very dillicult to achieve. 
To overcome this problem, we have used membranes 
that had been treated with a low detergenl concenlra- 
tion to remove the PSI 1 complexes [ 131 and were then 
extensively washed to remove most of the residual phy- 
cobiliproteins. The resulting membranes were highly en- 
riched in PSI. We have examined the overall size and 
shape of the complex in these membranes and, in addi- 
tion, we were able to oblain small 2D ordered arrays of 
the PS that have allowed us to analyse the complex in 
some detail by digital image processing. 
2. MATERIALS AND METHODS 
Membranes of the thcrmophilic cyanobactcrium S~~x~lrococcus sp. 
OD 24 were obtained csscntially as described in 1141. For cleclron 
microscopy. the mcmbrimcs wcrc washed twice in the incubiltion 
buffer, resuspended at about I mg ChUmI and then incubated at room 
tcmpcrature Ibr 60 min. incubation buiicr cousislcd 0r 2C mX %ES. 
5 mM MgClzq 15 mM NaCI. pH G.3. plus additional MpClz rrom 
O-0.15 M, as dctailcd in the results section. The same proccdurc was 
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Fig. I, SDS-PAGE ol’PSi-enriched thylakoid membranes washed with 
0.15 M MgCll (lane A) and 5 mM M&I, (lane B): amounts equivalent 
to 3.5 and 4,4yg Chl wcrc loaded, respectively. Note that the yield of 
trimurs is much higher at lower MgC12 concentrations. Purilisd trimc- 
ric reaction ccnlre complexes were run in lane C (3.4 ,u$ Chl was 
loaded). Apparent molecular wcighrs or the various bands (in kDa) 
arc shown on the gel. 
employed prior to solubilisation or the membranes with dodecyl mal- 
toside (1% w/v) at room temperature for 5 min. Assays for PSI enrich- 
ment wcrc cdrrkd out as in [2]. Assays for the presence or PSI1 and 
the cytocbromr complex were carried out by detection ol’ the cyto- 
uhromc &,, (l’or PSII) and the cytochromes j’and hl,I (for the />n//’ 
comolexl. essentiullv as described in [ 151. SDS-PAGE was carried out 
as described by La&nmli [IQ sampicsat a concentrution or 0.5 mg 
Chllml were incubated with 1% (w/v) SDS. 20 mM Tris-HCI, pH S.8, 
IO% (V/Y) glycerol al 40°C Tar 5 min and then ccntrirugcd at IB 000 
x g for I min prior to loading onto the gel. Chl asst~ys followed the 
method or Arnon [l7]. Electron microscopy. negative staining and 
image analysis were carried out as described in [12]. 
3. RESULTS AND DISCUSSION 
To characterise the PSI-enriched cyanobacterial 
membranes, we performed various assays for activity 
which are summarised in Table I. Although we only 
tested for activity of expected complexes, it seemed rea- 
sonable to suppose from the data that the membranes 
were largely composed of PSI. Using electron pararnag 
nctic resonance spectroscopy, simiiar conciusions were 
drawn wilh membranes prepared from the cyanobacte- 
rium Phor’midium Iaminosum (Rutherford, Setif and 
Ford, unpublished results). The average number of Chl 
Fig. 2. PSI-enriched membrane fragments stained with uranyl Ibr- 
mate. (a) A~ a concenu’aGon oC I50 mM M&II. small ordered arrays 
or particles were observed in the PSI-enriched membranes. The bar 
represents 100 nm. (b) The difliaction pattern llom the boxed area in 
[a). (c) The unit cells have dimensions ~=h=l I nm. The arrows point 
to protrusions thal are not observed in the purified reaction cemre. 
molecules associated with PSI can be estimated from the 
measured Chl:P700 ratio. 
It is possible to conclude from Table 1 that PSI has 
about 50% more Chl associated with it in the membrane 
than in the purified reaction centre. These data must be 
treated with caution, however, since several studies have 
shown that some detergents can change the extinction 
coefiicient of P700 under some conditions, and this 
could exaggerate the actual difference between the Chl 
content of membrane-bound PSI and the purified PSI 
reaction centre [ 181. 
SDS-PAGE under miidiy denaturing conditions was 
used to further study the composition of the membranes 
and to compare it with purified reaction centres. The 
results are shown in Fig. I. The overall staining pattern 
30 
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is very similar for the PSI-enriched membranes (lanes 
A and El) and the purified reaction centrc (lane C), with 
some additional bands present in the membrane sample 
at 20 kDa, 18-14 kDa (broad) and 8 kDa. Perhaps the 
least significant of these was the broad band at 18-14 
kDa which was associated with a yellow colouration in 
the unstained gel. This band stained strongly at first, but 
then slowly faded in the destain, suggesting that it may 
not, in Fact, be proteinaceous in nature, although this 
conjecture remains to be confirmed. The yellow colour 
was mainly due to carotenoid absorbing in the Soret 
region with a broad peak at about 430 nm. The identity 
of the other 2 bands on the gel also awaits further 
analysis, although there are several candidate PSI-asso- 
ciated polypeptides with molecular weights in the relc- 
vant region, notably the psuF (18 kDa) and psaK (8 
kDa) gene products [S]. 
As discussed in a previous publication, for PClorrni- 
diunt kutdzosum PSI-enriched membranes, it is only the 
monomeric form of PSI that seems to exist in the native 
membranes [3], Similarly, electron micrographs of nega- 
tively stained Symdococcus sp. membranes after incu- 
bation at low MgCI,! concentrations howed areas pac- 
ked with non-ordered elongated particles of maximum 
length I4 nm, No evidence for trimcric complexes could 
be found (data not shown). After incubation of the 
membranes at high concentrations of MgCl?, small or- 
dered arrays of the particles were observed, and it was 
again clear from the unit cell dimensions that these 
could not be formed from trimeric PSI complexes, but 
were rather, composed of monomeric units (Fig. 2). Fig. 
2b shows the diffraction pattern produced from the area 
enclosed by the box in Fig. 2a. The diffraction pattern 
showed (2,I) orders indicating a spatial resolution of 5 
nm. A correlation-averaged projection revealed comple- 
xes packed in a PI square lattice with a+=1 1 nm (Fig. 
2~). The complex had an elongated form of maximum 
dimensions of 13 x 9 nm. In comparison, the P2r square 
lattices formed after reconstitution of the isolated reac- 
tion centre 141 have dimensions a=6=14.5 nm with 2 
monomeric reaction centres in the unit cell. Maximum 
dimensions for the monomeric complex in this lattice 
are approximately 13 x 7 nm, slightly narrower than in 
Table I 
Characteristics oT the PSI-enriched membranes 
Cfrl:P?OO rurio 
chemical assay 
photochemiwl assay 
Cht:cyrochromc bdf 
chemical assay 
C/r/: PSI1 rurio 
chemical assay 
+ 0.15 M MgCIz 110 
+ 5 mM MgC& III 
c 0.15 M MgC12 103 
+ 5 mM MgCIz 105 
+ 0.15 M MgC& >2oOo 
+ 5 mM MgClz >2WO 
+ 0.15 M M&Z& 24400 
6 5 mM M&Q XI400 
Fig. 2c. The overall shape of PSI in the thylakoid 
membrane seems to be very similar to the reconstituted 
reaction centre, however its packing arrangement is dif- 
ferent because the complexes must be unidirectional 
with respect o membrane plane in the native system. In 
both cases we observe a characteristic apex which sub- 
tends an angle of approximately 120 degrees (bottom 
side of the complex in Fig. 2~). The opposite side of the 
complex (top side of the complex in Fig. 2c) shows 2 
protrusions (arrowed) which are absent from the corre- 
sponding images of the purified reaction centrc. The 
reaction centre shows a bevelled outline in this region, 
These extra protrusions in the more native complex 
seem to account for its increased thickness compared to 
the reaction centre. 
To answer the question of whether these additional 
features might correspond to proteins involved in bind- 
ing the extra light-harvesting molecules present in PSI, 
or whether they might be proteins involved in mediating 
electron transfer to other electron carriers we must 
carry out further work, preferably with larger arrays. 
The USC of antibodies directed against purified acces- 
sory proteins might provide a possible route to identify 
the location of these proteins. 
In conclusion, we have been able to determine to 
what extent the purified PSI reaction centre resembles 
the complex in the thylakoid membrane. Although the 
membranes we must work with are not strictly ‘native’ 
since they have received adetergent pretreatment, albeit 
a very mild one, it is apparent, given the size of the 
membrane fragments and the orientation of the com- 
plex with respect o the membrane plane, that they are 
intact. Because the images obtained from the ordered 
arrays in the membranes are so similar to the images of 
the purified reaction centre, we can assign increased 
confidence to our structural investigations of the puri- 
fied reaction centre. Further studies of the complex in 
the membrane should lead to the identification of the 
likely binding sites of accessory proteins to the reaction 
centre, increasing the value of the reaction centre struc- 
ture when it emerges at high resolution. 
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